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[1] Changes of plate motion may have induced subduction initiation (SI), but the tectonic history of SI
is different from one subduction zone to another. Izu-Bonin-Mariana (IBM) SI, accompanied by strong
backarc spreading and voluminous eruption of Boninites, contrasts with the Aleutians which shows neither.
Using finite element models, we explore visco-elasto-plastic parameters and driving boundary conditions
for SI evolution. With an imposed velocity, we find three different evolutionary modes of SI: continuous
without backarc spreading, continuous with backarc spreading and a segmented mode. With an increase
in the coefficient of friction and a decrease in the rate of plastic weakening, the amount of convergence
needed for SI increases from 20 to 220 km, while the mode changes from segmented to continuous with
backarc spreading and eventually to continuous without backarc spreading. If the imposed velocity bound-
ary condition is replaced with an imposed stress, the amount of convergence needed for SI is reduced and
backarc spreading does not occur. These geodynamic models provide a basis for understanding the diver-
gent geological pathways of SI. First, IBM evolution is consistent with subduction of an old strong plate
with an imposed velocity which founders causing intense backarc spreading and Boninitic volcanism.
Second, the New Hebrides SI is in the segmented mode due to its weak plate strength. Third, the Puysegur
SI is in the continuous without backarc spreading mode with no associated volcanic activities. Fourth, the
Aleutians SI has neither trench rollback nor backarc spreading because the slab is regulated by constant
ridge-push forces.
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1. Introduction
[2] New subduction zones initiate as plate motions
evolve, but the mechanics of the process remain
obscure. Despite such limitations, significant prog-
ress has been made on our understanding of the
nucleation of subduction from a combination of
approaches, including geological synthesis [Stern
and Bloomer, 1992; Niu et al., 2003; Gurnis et al.,
2004; Stern, 2004; Sutherland et al., 2010], detailed
studies of volcanic and sedimentary rock sequences
of specific nucleating margins [House et al., 2002;
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Sutherland et al., 2009; Reagan et al., 2010], and
geodynamic models [McKenzie, 1977; Mueller and
Phillips, 1991; Toth and Gurnis, 1998; Hall et al.,
2003; Gurnis et al., 2004; Nikolaeva et al., 2010].
Generally, two major conceptual models have been
proposed to explain subduction initiation (SI):
spontaneous and forced (or induced) [Gurnis et al.,
2004; Stern, 2004].
[3] In the spontaneous subduction initiation model,
the formation of a new subduction zone is driven
solely by the density contrast between adjacent
plates. The density difference arises from either
the thermal effects of different plate ages or from a
difference of chemical composition (or crustal
thickness) between the two plates which span the
boundary [e.g., Niu et al., 2003]. Passive margins
along old continents have the largest density con-
trast and could be the preferred tectonic setting for
spontaneous initiation [Cloetingh et al., 1989].
Subduction initiation may spontaneously occur at
passive margins given a potentially large chemical
density contrast and small ductile strength of the
subcontinental lithospheric mantle [Nikolaeva et al.,
2010]. However, there are two difficulties for the
spontaneous subduction initiation model. First, the
forces resisting subduction initiation (including
plate bending and friction on the fault plane) for old
plates are large [McKenzie, 1977; Cloetingh et al.,
1989; Mueller and Phillips, 1991]. Specifically,
continuous plate aging does not provide a more
favorable condition for subduction initiation during
passive margin evolution because plate strength
increases more rapidly than buoyancy as the oceanic
lithosphere ages [Cloetingh et al., 1989]. How the
resisting forces can be overcome during subduction
initiation remains unclear. Second, there are no
obvious Cenozoic examples of subduction initiation
at passive margins [Stern, 2004], despite the fact
that nearly half of all subduction zones that exist
today nucleated during the Cenozoic [Gurnis et al.,
2004].
[4] Alternatively, initiation can be facilitated by
external forces which is called induced subduction
initiation [Toth and Gurnis, 1998; Hall et al., 2003;
Gurnis et al., 2004; Stern, 2004]. Under continuous
compression from a force external to the immediate
vicinity of the nucleating margin, a relatively old
plate can underthrust a young plate. The negative
buoyancy of the old plate eventually exceeds the
resistant forces after about 100 km of convergence
[McKenzie, 1977; Toth and Gurnis, 1998;Hall et al.,
2003; Gurnis et al., 2004]. Under some circum-
stances, subduction initiation can catastrophically
unfold as characterized by the rapid descent of the old
plate within the upper mantle with a corresponding
rapid ascent of asthenospheric materials beneath
the young, overriding plate. The descent of the old
plate leads to backarc spreading consistent with the
voluminous eruption of Boninites during the for-
mation of the Izu-Bonin-Mariana (IBM) subduction
zone [Stern and Bloomer, 1992]. A prediction of
the induced model is that subduction initiation
should generally follow changes of plate motion,
especially after strong compression along relatively
weak margins (such as transform faults or extinct
spreading centers). For example, since the middle
Miocene, subduction initiation has been occurring
along the northern segment of the Macquarie Ridge
Complex south of New Zealand following the pro-
gressive changes in the relative motion between
the Australian and Pacific plates [Sutherland et al.,
2000].
[5] Although the induced model compares favor-
ably to the geological record, substantial questions
remain. First, Hall et al. [2003] and Gurnis et al.
[2004] observed catastrophic subduction initiation
in their computational models only when using a
small coefficient of friction, which may imply that
large pore pressure plays a substantial role in
reducing rock strength. It is important to study how
subduction initiation evolves with large coefficients
of friction which are more consistent with the results
from rock friction experiments without large pore
pressure [Byerlee, 1978]. Second, model results show
that catastrophic subduction initiation is accompa-
nied by strong backarc spreading and voluminous
volcanism [Hall et al., 2003; Gurnis et al., 2004].
However, subduction initiation was not always
accompanied by backarc extension. Some subduc-
tion zones that have nucleated since 50 Ma were not
accompanied by backarc spreading or voluminous
volcanism (e.g., the Aleutian subduction zone).
Consequently, it is essential that we develop a fuller
understanding of the mechanics of subduction ini-
tiation and the range of tectonic styles that can
unfold during initiation.
[6] Here we explore the effects of mechanical
parameters of the lithosphere and mantle on the
evolutionary mode by which a new subduction
zone forms. We first describe the geodynamic model
we use for the numerical computations of induced
subduction initiation. Then, we present a detailed
analysis of the mechanics and accompanying tec-
tonic evolution of subduction initiation as a func-
tion of plastic parameters, subducting plate age,
and mechanical boundary conditions. We finish
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through a discussion of the models, their limita-
tions, and their application to the geological record.
2. Geodynamic Model for Induced
Subduction Initiation
[7] We use the finite element method to study the
visco-elasto-plastic behavior of lithosphere and
mantle material during induced subduction initia-
tion in 2-D. The Ellipsis software [Moresi et al.,
2003] used here solves for the conservation equa-
tions of mass, momentum and energy. The approach
has many similarities to that used in the Citcom
mantle convection software [Moresi et al., 1996]
upon which Ellipsis was written. In contrast to the
Eulerian scheme used in Citcom, Ellipsis uses
Lagrangian particles for the accurate tracking of
material properties and deformation history. The
particles are advected with the flow field and the
element stiffness matrix is assembled from integra-
tion over these particles; for computational details,
see Moresi et al. [2003]. Here we only provide an
overview of the visco-elasto-plastic formulation
used for the subduction initiation models.
[8] The visco-elasticity of the material is described
by an incompressible Maxwell material which
assumes that the deformation rate is the sum of an
elastic part and a viscous part:
_ɛij ¼ 12G _sij þ
1
2h
sij; ð1Þ
where _ɛij, _sij, sij, G, and h are the strain rate, time
rate of change of deviatoric stress, deviatoric stress,
shear modulus and viscosity; i and j are spatial
indices.
[9] The viscosity is non-Newtonian and temperature-
dependent [Karato and Wu, 1993]:
h ¼ h0
_ɛII
_ɛ0
  1
n1ð Þ
exp
E
nR
1
T
 1
T0
  
; ð2Þ
where h0, _ɛII, _ɛ0, n, E, R, T, and T0 are the refer-
ence viscosity, the second invariant of the devia-
toric strain rate tensor, reference strain rate, strain
exponent, activation energy, gas constant, and
absolute and reference temperatures (both in Kelvin)
(Table 1). In addition, the maximum and minimum
viscosity are limited with hmax and hmin, respec-
tively (Table 1).
[10] The plasticity of the material is enforced by a
yield stress using the Drucker-Prager yield model:
ty ¼ mP þ C; ð3Þ
where ty, m, P and C are the yield stress, coefficient
of friction, pressure and cohesion. Cohesion is the
strength of the material at zero normal stress. We
consider that mantle material becomes weaker as
plastic strain increases [Buck and Poliakov, 1998;
Poliakov and Buck, 1998]. This is modeled by lin-
early reducing m and C with accumulated plastic
strain as
m ¼ m0 1 min 1;
ɛp
ɛf
  
; ð4Þ
C ¼ Cf þ C0  Cf
 
1 min 1; ɛp
ɛf
  
; ð5Þ
where m0, ɛp, ɛf, C0, and Cf are the initial coefficient
of friction, accumulated plastic strain, reference
plastic strain, initial cohesion and minimum cohe-
sion. In these two equations, “min” represents a
function for getting a minimum value. ɛp represents
the total accumulated plastic strain after the yield
stress is reached. ɛf represents a threshold value of
plastic strain. When accumulated plastic strain is
larger than ɛf, no further weakening occurs. Table 1
shows the invariant model parameters used. We use
a nominal initial cohesion C0 = 44 MPa in our
model.
[11] The nominal dimensions of the model domain
are 1050 km in width by 350 km in depth
(Figure 1a). The dimensions are later varied to test
the sensitivity to domain size. The lithosphere is
overlain by what is informally referred to as a
“sticky air layer” (a compressible layer, 50 km in
thickness), to simulate a free surface which has
been proposed to be critical for producing single-
Table 1. Model Constants
Symbols and Definition Values
r0 reference mantle density 3200 kg m
3
a coefficient of thermal expansion 3  105 K1
g gravitational acceleration 9.8 m s2
Cp specific heat capacity 1000 J (kgK)
1
G shear modulus 30 GPa
h0 reference viscosity 5  1019 Pa s
_ɛ0 reference strain rate 10
15 s1
n strain exponent 3.05
E activation energy 540 kJ mol1
R gas constant 8.31 J mol1
T0 reference temperature 1400°C
hmax maximum viscosity 10
25 Pa s
hmin minimum viscosity 10
19 Pa s
Cf minimum cohesion 4.4 MPa
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sided subduction [Crameri et al., 2011] (Figure 1a).
The air layer has zero density with viscosity hmin.
We use 128  64 elements with a nominal resolu-
tion of 8.2 km and 5.5 km in the horizontal and
vertical directions, respectively. In each 8.2 km 
5.5 km element, we have 16 particles for tracking
the material properties and strain history, which are
initially uniformly distributed in the element and
advected with the velocity field. The integration
over an element is performed using the particles
which exist in the element at any instant in time
[Moresi et al., 2003]. Therefore in terms of tracking
the material properties and deformation history,
the tracking accuracy is substantially higher than
implied by an Eulerian scheme with the same
number of elements with Gaussian quadrature
[Hughes, 2000].
[12] The subducting and overriding plates, divided
at the box center, have the same material properties
except that their lithospheric ages are different
(nominal values are 42 Ma vs. 2 Ma). A weak zone
(17.5 by 17.5 km) is placed at the interface between
the plates (Figure 1a). The top and bottom bound-
aries are isothermal and fixed at 0°C and the ref-
erence temperature T0 = 1400°C, respectively. The
left and right boundaries are thermally insulated.
The initial temperature profiles for the mantle are
computed using a half-space coolingmodel [Turcotte
and Schubert, 2002]. The left, top and bottom
boundaries are free-slip with no materials flowing
in or out of the box. The vertical velocities at the
right boundary are fixed at 0. With an imposed
velocity boundary condition, we impose a horizontal
velocity profile from the right side to push the old
plate at a nominal velocity of 2 cm/year (Figure 1a).
That is, the horizontal velocity is 2 cm/year from
plate surface to 100 km depth (excluding the air
layer), and 2 cm/year from 200 km to 300 km
depth (Figure 1a); In the middle part from 100 km
to 200 km depth, the horizontal velocity varies from
2 cm/year to 2 cm/year through a tanh() function.
This profile satisfies the mass conservation for the
lithosphere and the mantle. The imposed velocity
Figure 1. Computational model setup for induced subduction initiation. (a) Convergence is driven with an imposed
constant velocity at the right boundary. To the right of the cross-section, the horizontal velocity (Vx) imposed at the
right boundary of the box is shown. (b) Convergence is driven with an imposed constant stress in the plate. The con-
stant stress is applied along a line on the old plate 700 km from the left boundary, down to a depth of 50 km.
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boundary condition is appropriate either if the sub-
duction initiation is induced within a small area
along the strike of the boundaries of a large plate due
to a change of its motion or if the forces on the plate
are controlled from the far field. There is another
possibility that the subduction initiation is induced
by an imposed constant stress within the plate [e.g.,
Toth and Gurnis, 1998]. Conceptually, this constant
stress boundary condition would mean that sub-
duction initiation is driven by an invariant stress
which, specifically, could arise from the ridge push
force. We also test the effects of this kind of
boundary condition on the mode of subduction ini-
tiation (Figure 1b). The right boundary is set to be
free-slip for the imposed stress boundary condition.
A nominal constant stress of 80 MPa, later varied
between 60 and 120 MPa, is placed on the old
plate 700 km from the left boundary, and applied
on the top 50 km of the plate (Figure 1b). The
position of the imposed stress does not move rel-
ative to the left boundary with time. We add
another weak zone of 50 by 50 km at the right
end of the old plate to detach the plate from the
right boundary (Figure 1b).
3. Divergent Structural Modes
of Subduction Initiation
3.1. Role of Plasticity
[13] We find that with an imposed velocity bound-
ary condition, two plastic parameters, the initial
coefficient of friction m0 and reference plastic strain
ɛf, essentially determine the evolutionary mode (or
pathway) of subduction initiation as shown with 26
cases where m0 is varied between 0.0 and 0.6 and
ɛf is varied between 0.05 and 0.5 (Table 2). Gen-
erally, these cases can be categorized into one of
three different evolutionary modes after several
million years (Myrs) of convergence: continuous
initiation with backarc spreading, continuous initi-
ation without backarc spreading and a segmented
subduction mode. We describe the characteristic
features of each mode below.
[14] We start with a case (SI26) with a medium
value of m0 = 0.2 and a relatively large ɛf = 0.5,
which gives rise to the mode of continuous initia-
tion with backarc spreading. The cohesion reduces
from the initial value to its minimum within 50% of
accumulated plastic strain (equation (5)). After only
50 thousand years (Kyrs), a small dipping shear
zone with concentrated strain rates starts to develop
at the plate boundary (Figure 2). The velocity of the
subducting slab only slowly increases for the first
several Myrs of convergence (Figures 3a and 3d).
After converging for 8.0 Myrs, there is a rapid
increase in the vertical velocity of the subducting
slab marking the rapid bending of the old plate and
the beginning of subduction initiation (Figures 3b
and 3e). The velocity continues to increase and
the descent of the plate leads to strong upwelling of
asthenospheric materials beneath the overriding
plate and above the subducting plate. The foun-
dering of the subducting slab causes a strong trac-
tion on the overriding plate which eventually yields
and leads to trench rollback and backarc spreading
(Figures 3c and 3f). During the backarc spreading
stage, the upwelling velocity of the asthenosphere
above the descending plate can be as large as tens
of cm/year (Figure 3c).
[15] We define that subduction initiation occurs
when the vertical velocity of the subducting plate
exceeds the imposed velocity. We monitor the
Table 2. Cases With Different Plasticity Parameters
and Resulted Modes of Subduction Initiationa
Case m0 ɛf ti (Myrs) tb (Myrs) Modes
SI01 0.0 0.05 0.6 0.3 S
SI02 0.0 0.1 0.9 0.3 S
SI03 0.0 0.2 1.3 - S
SI04 0.0 0.5 2.1 - S
SI11 0.1 0.05 2.9 0.1 S
SI12 0.1 0.1 3.8 0.1 S
SI13 0.1 0.2 4.6 0.3 S
SI14 0.1 0.5 6.0 0.6 S
SI21 0.2 0.05 3.9 0.2 S
SI22 0.2 0.1 4.5 0.5 S
SI23 0.2 0.2 5.3 - S
SI24 0.2 0.3 6.4 - S
SI25 0.2 0.4 7.0 2.1 CB
SI26 0.2 0.5 8.0 1.7 CB
SI26h 0.2 0.5 7.9 1.5 CB
SI31 0.3 0.2 7.0 2.3 S
SI32 0.3 0.3 7.4 - S
SI33 0.3 0.4 8.3 1.8 CB
SI41 0.4 0.2 6.6 3.9 S
SI42 0.4 0.3 7.7 4.3 CB
SI43 0.4 0.4 8.9 2.9 CB
SI51 0.5 0.5 9.8 - C
SI61 0.6 0.05 5.3 2.3 S
SI62 0.6 0.1 6.0 3.2 S
SI63 0.6 0.2 8.5 5.4 CB
SI64 0.6 0.4 10.0 - C
SI65 0.6 0.5 11.3 - C
aHere m0 and ɛf are initial coefficient of friction and reference plastic
strain. The initiation time, ti, is defined as the time when the vertical
velocity of the sampling point becomes larger than the imposed
velocity at the right boundary. The backarc spreading time, tb, is
defined as the time interval between ti and the time when backarc
spreading starts. In the “mode” column, “S” represents the segmented
initiation mode; “CB” represents the continuous initiation with backarc
spreading mode; “C” represents the continuous initiation without
backarc spreading mode.
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vertical velocity of the subducting plate at a sam-
pling point which moves with the plate (black
squares in Figures 2b and 3). A subduction initia-
tion time, ti, is defined as the time when the vertical
velocity of the sampling point first becomes larger
than the enforced plate velocity (2 cm/year). For
case SI26, ti = 8.0 Myrs (Figure 4a). We also
monitor the horizontal velocity of the overriding
plate during this process with another sampling
point (black triangle in Figures 2b and 3). Due to the
strong traction from the foundering of the subduct-
ing plate after subduction initiates, the horizontal
velocity in the forearc region of the overriding plate
starts to increase from 0 to 10 cm/year within a
couple of Myrs after the initiation of subduc-
tion (Figure 4a). This eventually leads to backarc
spreading at 9.7 Myrs which is accompanied by
an additional pulse of vertical velocity of the sub-
ducting plate (Figure 4a). The backarc spreading
starts when the overriding plate completely yields
and breaks at one point such that asthenospheric
material reaches the surface. We define a backarc
spreading time, tb, as the time interval between ti
and the start of backarc spreading. For this case,
tb = 1.7 Myrs. Following the rapid descent of the
plate and strong backarc spreading, the vertical
velocity of the subducting plate slows as the plate
approaches the bottom boundary, and the rate of
backarc spreading decreases (Figure 4a).
[16] When m0 and ɛf are reduced to 0.1 and 0.2
(case SI13 in Table 2), respectively, compared to
0.2 and 0.5 in the prior model, we find a different
evolutionary mode which we call a segmented ini-
tiation mode. Due to the decreased yield stress and
reference plastic strain, the plate is initially weaker
and the material weakens faster compared to the
prior case, therefore subduction initiation occurs
earlier (ti = 4.6 Myrs, Figure 4b). Similar to the
earlier case, the negative buoyancy bends the old
plate but the vertical velocity of the subducting
plate increases faster and earlier (after 4.6 Myrs
of convergence) (Figure 4b). However, in contrast
to the continuous initiation mode, the descending
Figure 2. The (a) temperature, (b) viscosity, and (c) normalized strain rate of the initial state for case SI26 at 50 Kyrs.
In Figure 2a, temperature is overlain by velocity vectors. In Figure 2b, a small black square and a triangle show the
initial positions of the sampling points in the subducting plate and in the overriding plate, respectively. In Figure 2c,
the strain rate is normalized by the maximum strain rate at this time, 9.7e-14 s1.
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portion of the old plate cannot sustain the large
stress and is stretched into a thin filament
(Figures 5a and 5b). After the descent of the first
segment of the old plate, continuous convergence
leads to the bending and descent of another seg-
ment of the plate similar to the first one (Figure 5c).
We also observe strong asthenospheric upwelling
and backarc spreading within the young overriding
plate (Figures 5b and 5c).
[17] When the strength of the plate increases with
m0 and ɛf set to 0.6 and 0.4 (case SI64), respectively,
we find a mode of continuous initiation without
backarc spreading. Subduction initiation becomes
more difficult to induce because a large negative
buoyancy is required for bending the strong plate.
Initiation starts after a longer time (ti = 10.0 Myrs),
or a cumulative convergence of 200 km. However,
in contrast to the earlier models, the velocity of the
subducting plate only slightly exceeds the imposed
velocity (Figure 4b). We find no abrupt velocity
increase, in contrast to the other two modes. The
vertical velocity of the subducting plate continu-
ously increases such that it becomes slightly larger
than 2.0 cm/year and then decreases as the sub-
ducting plate approaches the bottom of the box
(Figure 4b). The old plate quickly bends due to
negative buoyancy at ti = 10.0 Myrs. However, the
yielding region of the old plate is limited (Figure 5d).
Upwelling of asthenosphere occurs with sub-
duction initiation, but the upwelling velocity is
small (several cm/year) with no backarc spreading
(Figure 5d).
[18] As m0 is varied between 0.0 to 0.6 and ɛf is
varied between 0.05 and 0.5, we obtain the initia-
tion time, ti, backarc spreading time, tb, and modes
of subduction initiation for all 26 cases (Table 2 and
Figures 6a and 6b). For all these cases, C0 and Cf are
44 MPa and 4.4 MPa, respectively. Several con-
clusions can be inferred from this summary. First,
the initiation time, ti, increases with both m0 and ɛf
(Table 2 and Figure 6a). For the parameter range
explored, ti varies significantly from less than
1Myrs to 11Myrs, representing20 to220 km of
plate convergence. Second, as m0 and ɛf increase,
the mode changes from segmented to continuous
with backarc spreading, and eventually to continu-
ous without backarc spreading (Figure 6a). If we
further increase both m0 and ɛf to be larger than the
range we currently explored, due to our limited box
size, the vertical velocity of the subducting plate
cannot exceed the velocity imposed to push the
plate before the subducting plate slows through
interaction with the bottom boundary, therefore no
subduction initiation is observed. Third, backarc
Figure 3. The temperature, velocity, and viscosity for case SI26 (continuous initiation with backarc spreading mode)
at three different times: (a, d) at 6.2 Myrs, (b, e) at 8.5 Myrs, and (c, f) at 10.6 Myrs. The black square and triangle in
viscosity field show the position of the sampling points in the subducting and overriding plate, respectively.
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spreading is not confined to the segmented mode.
For some cases with the segmented mode, ɛf is
relatively large and the descent of the old plate
induces neither strong asthenospheric upwellings
nor backarc spreading (Figure 6b, black circles).
[19] We test the effect of grid resolution on our
model results. For case SI26, we increased the grid
resolution from 128  64 to 160  80 elements to
obtain case SI26h (Table 2), but kept the number of
particles in each element at 16. The times of sub-
duction initiation and backarc spreading are only
slightly smaller compared with case SI26 (Table 2),
indicating that our current resolution is sufficiently
high to resolve the processes.
3.2. Role of Plate Age
[20] The influence of the age of subducting plate on
subduction initiation has been studied. The aging
of plates may facilitate subduction initiation by
providing more negative buoyancy as the driving
force, but may not necessarily provide more favor-
able conditions for initiating subduction due to the
increased resistance to plate bending [Cloetingh
et al., 1989]. Here we use numerical cases to study
the effects of subducting plate age on the mode of
subduction initiation.
[21] For four cases (cases SI23, SI32, SI43 and
SI51), where m0 equals ɛf in each case, the initiation
mode changes from the segmented to continuous
with backarc spreading, then to continuous without
backarc spreading due to the increase of m0 and ɛf
(Figure 6a). For these cases, we keep the age of the
overriding plate at 2 Ma, and vary the age of the
subducting plate between 12 and 82 Ma, while it
was previously a constant 42 Ma. The correspond-
ing subduction initiation time and mode show that
as the subducting plate becomes younger, there is a
trend for the mode to change from segmented to
continuous with backarc spreading, and then to
continuous without backarc spreading (Table 3 and
Figure 7a). Case SI51c is represented by a black
symbol in Figure 7a because the vertical velocity of
the subducting plate does not exceed the imposed
velocity before the subducting plate is resisted by
the bottom boundary, thus no subduction initiation
occurs. For a fixed subducting plate age, the sub-
duction initiation time increases with increased m0
and ɛf (Figure 7a). However, the subduction initia-
tion time does not monotonically decrease with
plate age for fixed m0 and ɛf (Figure 7a and
Table 3). This may reflect the competing effects of
increased buoyancy of the old plate and increased
resistance from plate bending. For those cases with
backarc spreading, the backarc spreading time
generally increases with decreased subducting plate
age (Figure 7b).
3.3. Role of an Imposed Stress
Boundary Condition
[22] For all the above cases, we consider that sub-
duction initiation is driven by an imposed constant
velocity boundary condition. It is also possible that
subduction initiation is induced by an imposed
Figure 4. (a) The velocity of the sampling point in the
subducting plate and in the overriding plate versus time
for cases SI26. Solid line shows the vertical velocity of
the subducting plate; Dashed line shows the horizontal
velocity of the overriding plate. Dotted line shows the
vertical velocity of the subducting plate for case
SI26t1. Case SI26t1 is the same as SI26 except that the
imposed velocity is doubled to 4 cm/year. The horizontal
gray lines are at 2 and 4 cm/yr. (b) The vertical velocity
of the sampling point in the subducting plate for cases
SI26, SI13, SI64 which all have imposed velocity
boundary condition. The horizontal gray line is the
imposed velocity of 2 cm/year. The subduction initiation
time, ti, and the time when the backarc spreading
starts, ti + tb, are marked for both cases.
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constant stress within the plate [e.g., Toth and
Gurnis, 1998]. We test the effects of an imposed
constant stress boundary condition (Figure 1b) on
the mode of subduction initiation. In case SI26s1,
otherwise identical to SI26, we change the bound-
ary condition to be an imposed constant stress of
80 MPa applied down to 50 km depth (Figure 1b),
which represents a tectonic force of 4  1012 N/m,
approximately equal to the ridge push force for old
oceanic lithosphere [McKenzie, 1977; Turcotte and
Schubert, 2002]. With this boundary condition,
subducting plate velocity at the sampling point
increases significantly to tens of cm/year within
1 Myrs (Figure 8), and the subducting plate reaches
the bottom of the box by 1.4 Myrs (Figure 9a). In
contrast to the otherwise identical case with an
imposed velocity (SI26), here the subducting plate
does not founder throughout the whole initiation
process. As a result, there is neither trench retreat
nor backarc spreading for case SI26s1 (Figure 9a).
We change the magnitude of the imposed stress
from 80 MPa to 120 MPa and 60 MPa for cases
SI26s2 and SI26s3, respectively. The time for the
subducting plate to reach the bottom of the box
increases with a decreased value of imposed stress
(Figure 8). If we further reduce the stress to
40 MPa, which is smaller than the initial cohesion
of the plate, no subduction initiation is observed.
For case SI26s4, we fix the position of the plate
interface while increasing the box size from 1050 km
to 1400 km such that the length of the subducting
plate is increased from 500 km to 800 km. The
time for the subducting plate to reach the bottom of
the box slightly increases to 2.0 Myrs (Figures 8
and 9b), indicating the effects of the increased
resistant force due to viscous shear from astheno-
sphere beneath the plate. We do not observe
foundering of the subducting plate and backarc
spreading for cases SI26s1 through SI26s4, and
conclude that an imposed stress boundary condition
does not favor the occurrence of backarc spread-
ing compared to an imposed velocity boundary
Figure 5. The viscosity structure overlain by velocity vectors. (a–c) For case SI13 at 4.9, 5.4 and 5.8 Myrs (the seg-
mented initiation mode); (d) for case SI64 at 10.6 Myrs (the continuous initiation without backarc spreading mode).
The black square in each frame shows the position of the sampling point in the subducting plate.
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condition. An imposed velocity boundary condition
prevents the subducting plate from exceeding the
imposed velocity value with the addition of slab
pull [Toth and Gurnis, 1998], thus promotes plate
foundering, trench retreat and backarc spreading.
3.4. Sensitivity Test for the Nominal Values
[23] With SI26 as a reference case, we test the effects
of model parameters which had been held constant.
We show that the variations of the magnitude of
imposed velocity, the initial cohesion of the plates,
and the depth of the box from their nominal
values do not affect the mode of subduction ini-
tiation, but have small effects on the subduction
initiation time and backarc spreading time.
[24] We first test the effects of the magnitude of
the imposed velocity on the subduction initia-
tion mode. Case SI26t1 is identical to case SI26
(Table 3), except that the imposed velocity at the
right boundary of the plate is doubled (to 4 cm/
year). We obtain the same subduction initiation
mode of continuous with backarc spreading, how-
ever, with the doubling of imposed velocity, the
Figure 6. (a) Our classified modes of subduction initiation versus initial coefficient of friction, m0, and reference
plastic strain, ɛf. The dashed lines show the boundaries between different modes. The color code shows the subduction
initiation time. (b) Backarc spreading time, i.e., time interval between subduction initiation time and the time when
backarc spreading starts, for cases with different initial coefficient of friction, m0, and reference plastic strain, ɛf . Black
symbols represent cases with no backarc spreading.
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subduction initiation time is approximately halved
(Figure 4a), indicating that the time for subduction
initiation is controlled by the total amount of con-
vergence, as earlier found by Hall et al. [2003].
After the subduction initiation starts, backarc
spreading time is not strongly related to the imposed
velocity (Table 3 and Figure 4a).
[25] We then test the effects of the initial cohesion,
C0, which controls plate strength when no plastic
strain is accumulated. The initial cohesion is set
to 20 MPa and 60 MPa for case SI26t2 and SI26t3,
respectively (C0 is 44 MPa for all other cases). The
results show that it does not affect the subduction
initiation mode (Table 3). But both subduction
initiation time and time to the onset of backarc
spreading moderately increase with increased initial
cohesion of the plates while the times decrease with
the decreased cohesion (Table 3).
[26] Last, we extend the box depth from 350 km to
450 km from case SI26t4, while keeping the air
layer thickness at 50 km. The subduction initiation
time, 5.1 Myrs, and backarc spreading time,
1.2 Myrs, are both reduced compared with case
SI26, suggesting that a deeper box facilitates the
initiation of subduction. In case SI26t4, the whole
region beneath the lithosphere has a low viscosity.
We do not increase viscosity with depth. As a result,
a deeper box promotes stronger asthenospheric
flow and facilitates subduction initiation. Consid-
ering that the low viscosity zone beneath the litho-
sphere probably only extends to 200–300 km depth
for the Earth’s mantle [Mitrovica and Peltier, 1993;
Karato, 2010], a box with a depth of 350 km
(300 km excluding the air layer) used in this study
is more reasonable for subduction initiation mod-
eling. Nevertheless, it is worthwhile for future work
to study subduction initiation with a more realistic
model that includes the whole upper mantle with a
depth-dependent viscosity profile.
4. Discussion
[27] Previously, all known subduction initiation
events (essentially, examples from the Pacific since
50 Ma) were placed in the context of a single evo-
lutionary pathway in which tectonics of the system
at any time reflected a progression of an evolving
force balance [Gurnis et al., 2004]. The sequence is
composed of initial trench formation due to plate
compression, foundering of the slab, rapid trench
rollback and backarc spreading. Our expanded
model study confirms this evolution pathway (con-
tinuous subduction with backarc spreading), but we
have discovered that this pathway is not unique.
Different plastic parameters and subducting plate
age may lead to two additional pathways: the seg-
mented and continuous without backarc spreading.
[28] The segmented initiation mode may be gener-
ated with continuous convergence between two
adjacent plates. This mode is different from a
classical mode of subduction. First, it is not self-
sustaining because the negative buoyancy of slab
overcomes the strength of the lithosphere and
small segments continually tear off from the slab.
Second, the tearing may produce little or no
extensional deformation in the overriding plate.
The New Hebrides subduction zone probably ini-
tiated with this mode. The New Hebrides subduc-
tion zone initiated through a polarity reversal at
10–12 Ma [Greene et al., 1994]. Here, a slab
segment beneath the North Fiji Basin is character-
ized by an unusual group of more than 100 earth-
quakes located at 600 km depth [Hamburger and
Isacks, 1987; Okal and Kirby, 1998; Richards et al.,
2011]. This detached slab segment may have broken
Table 3. Cases With Different Subducting Plate Ages,
Different Boundary Condition and Different Model
Nominal Values, and Resulted Modes of Subduction
Initiationa
Case m0 ɛf
Plate Age
(Ma) ti (Myrs) tb (Myrs) Modes
SI23 0.2 0.2 42 5.3 - S
SI23b 0.2 0.2 12 7.1 - S
SI23c 0.2 0.2 22 5.6 - S
SI23d 0.2 0.2 82 5.3 0.1 S
SI32 0.3 0.3 42 7.4 - S
SI32b 0.3 0.3 12 10.4 4.7 CB
SI32c 0.3 0.3 22 11.7 0.7 CB
SI32d 0.3 0.3 82 9.3 0.3 S
SI43 0.4 0.4 42 8.9 2.9 CB
SI43b 0.4 0.4 12 10.5 - C
SI43c 0.4 0.4 22 13.7 - C
SI43d 0.4 0.4 82 10.0 0.3 CB
SI51 0.5 0.5 42 9.8 - C
SI51b 0.5 0.5 12 10.5 - C
SI51c 0.5 0.5 22 - - -
SI51d 0.5 0.5 82 11.4 0.6 CB
SI26s1 0.4 0.4 42 - - C
SI26s2 0.4 0.4 42 - - C
SI26s3 0.4 0.4 42 - - C
SI26s4 0.4 0.4 42 - - C
SI26t1 0.2 0.5 42 3.7 1.5 CB
SI26t2 0.2 0.5 42 7.4 0.8 CB
SI26t3 0.2 0.5 42 8.4 2.9 CB
SI26t4 0.2 0.5 42 5.1 1.2 CB
aSimilar to Table 2, except that we add a column, “Plate age,” to
indicate the different ages of the subducting plate. For case SI51c,
the velocity of the sampling points cannot exceed the imposed
velocity before the plate is resisted by the bottom boundary. For case
SI26s1 to SI26s4, the subduction initiation time is not defined
because they use an imposed constant stress boundary condition.
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off the subducted Australian plate at 5 Ma ago
according to the structural interpretation of Richards
et al. [2011]. Consequently, the segmentation would
have occurred 5–7 Myrs after subduction initia-
tion of the Australian plate. The New Hebrides
trench has been consuming Australian plate which is
continuous with the crust of the South Fiji Basin.
Therefore, such subducted crust is rather young and
would have been formed within a backarc basin
[Seton et al., 2010]. Through the formation of oce-
anic crust within a backarc, it is possible that the
crust is more volatile rich and mechanically weak.
We speculate that if the crust is weak it would lie
within the segmented mode (Figure 10a).
[29] Continuous initiation without backarc spread-
ing is accompanied by a slow increase of velocity
of the downgoing slab and relatively weak astheno-
spheric upwelling. In this mode, the lack of back-
arc spreading would imply little arc volcanism. This
may explain why we sometimes fail to observe
volcanism for places where subduction initiation has
been known to occur. For example, the Puysegur
subduction zone, i.e., the northern segment of the
Macquarie Ridge Complex between the Australian
and Pacific plates, has undergone convergence
since 15 Ma. Although the downdip tip of the
slab has reached 150 km depth [Sutherland et al.,
2009], only small isolated sea mounts are known
on the Pacific plate, most notably Solander Island.
In addition, no backarc spreading is observed on
the overriding Pacific plate either where the Aus-
tralian plate subducts beneath oceanic crust along
the Puysegur Ridge or below continental crust in the
Fiordland region of New Zealand’s South Island.
The subducting plate age for the Puysegur zone is
also young,30 Ma [Seton et al., 2010]. Therefore,
if the subducting plate strength is relatively strong,
then this would allow the subduction initiation to
fall within the mode of continuous without backarc
spreading (Figure 10a).
[30] The effects of boundary conditions, including
imposed velocity and stress, may explain the dif-
ferent initiation history inferred between IBM and
the Aleutian subduction zone. The IBM subduction
zone may have been induced obliquely along the
strike of the western boundaries of the Pacific plate
[e.g., Seton et al., 2010]. The voluminous eruption
of boninites in the IBM subduction zone [Stern and
Bloomer, 1992; Reagan et al., 2010; Ishizuka et al.,
2011] provides the type example of continuous
initiation with backarc spreading. Because the large
Pacific plate moved at a rate dictated by all of the
subduction forces around its edge as well as ridge
push from the distal Pacific-Farallon spreading cen-
ter, IBM initiation can be largely viewed as induced
by an imposed constant velocity (Figure 10b). After
sufficient convergence, the subducting plate bends
and founders. Due to the regulation of the Pacific
plate by all of the forces, the Pacific plate does not
substantially increase its velocity. Consequently,
trench retreat and backarc spreading are induced in
response to slab foundering (Figure 10b). In con-
trast to the large Pacific plate that existed when the
IBM initiated, the Kula plate that subducted along
the Aleutian during its phase of initiation was a
Figure 7. (a) The effect of the age of the subducting
plate on the different modes of subduction initiation.
The dashed lines show the boundaries between different
modes. The color code shows the subduction initiation
time. Notice that the black triangle in Figure 7a indicates
that for case SI51c, the velocity of the sampling point in
the subducting plate cannot exceed the imposed velocity
before the subducting plate is resisted by the bottom
boundary. (b) Backarc spreading time for cases with dif-
ferent subducting plate ages. Black symbols represent
cases with no backarc spreading.
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much smaller, confined plate. Indeed, the Kula-
Pacific ridge was just a few thousand kilometers
away from the nascent trench [Seton et al., 2010].
When subduction ceased along the Bering Sea
Alaskan margin [e.g., Seton et al., 2010], subduc-
tion likely initiated along the present Aleutian chain
at 46 Ma [Jicha et al., 2006]. A constant stress
boundary condition within the oceanic plate is a
reasonable model to apply to the Kula/Aleutian
subduction initiation system. The constant stress
condition would be akin to the force from the sin-
gle ridge system along the southern Kula-Pacific
ridge of this small plate. An imposed constant
stress in the mechanical models leads to no intense
asthenospheric upwelling (and by implication no
boninites) and backarc spreading which is the
observed outcome of Aleutian initiation (Figure 10b).
[31] Previous studies predict catastrophic subduc-
tion initiation after about 100 km of convergence
[Hall et al., 2003]. Compared with the results here,
the amount of convergence does not appear to be
a constant, but depends on plate strength, especially
the initial coefficient of friction and reference
plastic strain which were mostly fixed in previous
studies. Hall et al. [2003] considered the effects of
pore pressure on the yield stress of the lithosphere,
such that their initial coefficient of friction is only
Figure 8. The vertical velocity of the sampling point in the subducting plate versus time for cases with imposed stress
boundary condition: SI26s1 (80 MPa), SI26s2 (120 MPa), SI26s3 (60 MPa), and SI26s4 (80 MPa and long plate).
Figure 9. The viscosity structure and velocity vectors for cases with imposed stress boundary condition. (a) For case
SI26s1 at 1.4 Myrs; (b) for case SI26s4 at 2.0 Myrs. The black square in each frame shows the position of the sampling
point in the subducting plate.
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slightly larger than 0 and smaller then 0.1. From
our results, this small coefficient of friction leads
to a segmented mode of subduction initiation
(Figure 6a). Therefore, we suspect that the cata-
strophic subduction initiation observed by Hall
et al. [2003] may actually be the starting stage
of the segmented mode of subduction initiation.
Possibly because of the difference in numerical
method, (Hall et al. [2003] used an explicit method
while an implicit method is used here), the seg-
mented mode was not earlier observed.
[32] Our results provide a first order understanding
for the effects of plastic parameters on the mode of
subduction initiation. The mantle material proper-
ties are set to be homogeneous except in a small
weak zone. However, overriding and subducting
plates are heterogeneous. The involvement of crust,
the variation in the chemical composition of the
subducting and the overriding plates, phase transi-
tions and dehydration of the slab all alter the
properties of plates. For example, the formation of
serpentine may significantly reduce the mantle
viscosity and induce subduction initiation [Hilairet
et al., 2007]. Therefore for specific tectonic setting,
the evolutionary mode of subduction initiation
needs to be compared against realistic simulations
with heterogeneous plate properties. In the compu-
tations here, we did not consider the effects of shear
heating which may affect the occurrence of shear
localization and subduction initiation [Thielmann
and Kaus, 2011]. However, without including
shear heating, we still observe strong shear locali-
zation for all of our cases under continuous con-
vergence (e.g., Figure 2c). It is worth noting that our
2-D model results can be applied to subduction
Figure 10. (a) Conceptualization of our suggested plate strength, subducting plate age, and subduction initiation
modes for the New Hebrides, Izu-Bonin-Mariana and Puysegur subduction zones. (b) The different subduction initi-
ation modes result from different large-scale force settings for the IBM and Aleutian subduction zones. We hypothe-
size that an imposed velocity regulated IBM initiation by all of the forces around the large Pacific plate such that the
subduction zone foundered with extensive backarc spreading. On the other hand, when the Aleutian subduction zone
formed, the constant ridge-push forces could regulate the Kula plate such that there was no plate foundering and the
Aleutian trench did not rapidly rollback.
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initiation for slabs with a long along-strike
dimension. However, for narrow slabs, 3-D effect
(e.g., flow around the slab) may be important and
could affect the details of subduction initiation. A
full 3-D model is therefore necessary to obtain
more comprehensive understanding of subduction
initiation.
5. Conclusion
[33] In conclusion, we explored the effects of plas-
tic parameters and subducting plate age on the
evolutionary mode of induced subduction initiation
with a visco-elasto-plastic geodynamic model. With
imposed velocity boundary conditions, we find
three evolutionary pathways of subduction initia-
tion: segmented, continuous with backarc spread-
ing and continuous without backarc spreading.
With an increase in the coefficient of friction and
reference plastic strain, the mode gradually changes
from segmented to continuous with backarc spread-
ing and eventually to continuous without backarc
spreading. The amount of convergence needed for
subduction initiation significantly increases from
20 to 220 km. The same transition of evolu-
tionary mode is observed when the age of subduct-
ing plate becomes younger. If the imposed velocity
boundary condition is changed to an imposed con-
stant stress in the plate, the amount of convergence
needed for subduction initiation is significantly
reduced and backarc spreading is not observed.
[34] These geodynamic models provide a basis for
understanding the cause for the observed diver-
gent geological pathways of subduction initiation
including the IBM and Aleutians as well as other
subduction zones that have initiated more recently.
The segmented mode of subduction initiation is
different from a classical subduction process. It is
not self-sustaining because the negative buoyancy
forces of the slab overcome the strength of the lith-
osphere and small plate segments continually tear
off from the slab. The tearing of the plate segments
may produce little or no extensional deformation in
the overriding plate. This mode may explain the
formation of the New Hebrides subduction zone
where a segmented slab is found in the upper
mantle. This slab segment probably tore off from
the subducting plate shortly after subduction initi-
ated. The mode of continuous with backarc
spreading is a favorable explanation for the well
developed IBM subduction system where strong
backarc spreading and voluminous boninite erup-
tion followed initiation. In contrast, the mode of
continuous subduction initiation without backarc
spreading may provide explanations for the scarce
distribution of arc volcanism in Puysegur sub-
duction zone where the convergence between the
Australia and Pacific plates has been under way
since 15 Ma.
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